I. INTRODUCTION
Quasi-one-dimensional systems offer a unique view into the physics of electron-phonon coupling that leads to photoinduced structural phase transitions. Many quasi-onedimensional systems form charge-ordered or charge density wave (CDW) states that are sensitive to photoexcitation [1] . Unlike their two-dimensional [2] and three-dimensional [3, 4] counterparts, exciton self-trapping is always barrierless in one-dimensional systems [5] . In addition, the reduced dimensionality simplifies the physics, making the system close to the simplified model of a charge-ordering structural phase transition first proposed by Peierls [6] .
Photoinduced dynamics in crystalline metal-halide chain compounds have stimulated decades of interest due to their straightforward structure yet complex interplay between electronic and vibrational degrees of freedom and between chemical and structural rearrangements [7] [8] [9] [10] . One of these compounds, [Pt(en) 2 ][Pt(en) 2 I 2 ](ClO 2 ) 2 [hereafter PtI(en)], is formed around one-dimensional (1D) chains of alternating Pt and I atoms [simplified structure shown in Fig. 1(a) ]. Laserinduced electron transfer along the 1D chain axis launches coherent vibration of the halide ions along the same axis, creating a well-defined system that highlights the interplay among optical, electronic, and vibrational energies and their roles in local crystalline chemistry and collective, long-range lattice structure.
In PtI(en), the Coulomb repulsion energy is weak compared with electron-phonon interactions. The result is a lattice distortion into a structure with reduced symmetry, which produces a Peierls band gap that minimizes the electronic energy [6] , analogous to the Jahn-Teller effect in isolated molecules. In the ground state, Pt centers exhibit alternate valences of 3 − δ and 3 + δ, and Pt-I bond lengths alternate as * kanelson@mit.edu well (with a length ratio of 0.92 from one Pt-I bond to the next) [14] . The symmetric I-Pt(III + δ)-I stretch is Raman active and shows strong resonance enhancement and vibronic coupling near the charge-transfer transition [7, 12] , which has an onset at 1 eV and a peak at 1.3 eV [15] . Photoexcitation from the ground-state Peierls-distorted geometry into a charge-transfer exciton state initiates a large excursion along the symmetric stretch coordinate to form a self-trapped exciton (STE) species with locally equivalent Pt(III) ions. The transitions from charge density wave to free exciton to trapped exciton are illustrated in Fig. 1(b) , which shows the highly localized two-site limit. A more detailed theory predicts that the STE is delocalized over more than 20 unit cells in PtI(en) [13, 16] .
PtI(en) lattice vibrations associated with STE formation around 125 cm −1 have been reported from time-domain studies [10, 17, 18] , corresponding to the ground-state symmetric stretch in the resonant Raman spectrum [12] . In addition, wavepacket motion at 106 cm −1 along the fully formed STE state has been resolved in the time-domain spectrum of photoexcited PtI(en) [19] . The STE lifetime in Pt-halide chain complexes has been reported to be on the order of 5 ps, as determined by the signal decay time after STE formation [20] . Once the self-trapped exciton is formed, it can decay into a variety of electron-lattice coupled quasiparticles, such as solitons and free polarons [13, 21] . All the electronically excited states have reduced Peierls distortions and Pt charge alternations relative to the ground state [16] . Completely equivalent Pt(III) ions and equal Pt-I bond lengths would result in a Ramaninactive symmetric stretching mode, and the approach of the system toward the high-symmetry state is expected to lead to suppression of pump-probe excited oscillation amplitude of this vibrational mode.
Though conventional time-resolved pump-probe spectroscopy has provided descriptions of STE formation in PtI(en) and related materials [8, 10, [22] [23] [24] [25] , the technique's investigative utility is restricted to reversible material changes due to [12, 13] .
the thousands of repeated pump-probe sequences required. We have adopted a method that enables the complete timedependent response to photoexcitation to be measured with good signal to noise with only 100 laser shots, reporting in real time as the system undergoes irreversible change [26, 27] .
In this work we first characterize PtI(en) responses to moderate pump pulse fluences with conventional techniques and demonstrate that sample damage precludes conventional measurements at high pump fluences. We then present results from single-and double-pump measurements using the singleshot spectroscopy, the latter in which a second pump pulse excites the lattice after exciton states have already been produced by a first pump pulse. Measurements above 4.5 mJ/cm 2 pump fluence demonstrate evidence of a collective excited state with a lifetime greater than 100 ps. This state reflects underlying structural rearrangements toward a higher-symmetry phase and is revealed through electronic and vibrational properties of the photoexcited lattice measured at varying time delays up to 100 ps after STE formation. This long-lived excited state is only observed at excitation densities above the cumulative damage threshold, requiring single-shot methods to observe it.
II. METHODS AND RESULTS
The laser system used for both conventional and singleshot measurements consists of a mode-locked Ti:sapphire laser and a 1-kHz repetition rate regenerative amplifier that generates 800-nm pulses with energies of 2.5-3.0 mJ/pulse. The conventional pump-probe measurements were conducted with a lock-in amplifier and a mechanical chopper operated at 500-Hz repetition rate. For single-shot measurements, a single pulse selector was operated at 10-Hz repetition rate and a mechanical shutter was used to select individual pulses. A wavelength of 800 nm was used for both the pump and probe beams in the conventional pump-probe measurements. On the other hand, a 600-nm wavelength generated from a noncollinear optical parametric amplifier (NOPA) was used for probe pulses with an 800-nm pump pulse for the single-shot pump probe measurements because it prevents the pump beam from scattering into the CCD camera with a band-pass filter. The pump photon energy of 1.55 eV (800 nm) was well above the charge-transfer transition energy of 1 eV for PtI(en). The pump and probe polarizations were parallel to the 1D chain axis of the crystal.
The samples are single crystals of PtI(en) and were synthesized from perchloric acid (HClO 4 ) solutions of the complexes [Pt(en) 2 I 2 ]I 2 and [Pt(en) 2 ](ClO 4 ) 2 [28, 29] , and were recrystallized from water solution grown by a similar method to those in previous work [28, 29] .
Figure 2(a) shows time-dependent differential reflectivity data from PtI(en) recorded using conventional pump-probe methods. Responses following 800-nm pump pulses with fluences between 0.20 and 1.6 mJ/cm 2 were probed by weak 800-nm probe pulses. The data show a reduction in reflectivity following pumping, and an oscillatory component at 120 cm
with a dephasing time of 3 ps, indicating relaxation of the initially excited state to the STE state. Though the STE lifetime has previously been reported to be 5 ps [20] , which agrees with our results at low excitation density, we see clear evidence of a longer-lived response in the nonoscillatory component at higher pump fluences.
The reflectivity changes at t = 0 as a function of fluence are shown in Fig. 2(b) . They seem linear with increasing fluence at low fluence below 0.6 mJ/cm 2 but increase sublinearly with increasing fluence. Although fluctuations in the reflectivity are large near zero fluence because of the uncertainty of the fluence measurements, they could be approximately fitted with an exponential function assuming a zero reflectivity change at zero fluence. The dotted line shows the fit in Fig. 2(b) , and it has a characteristic fluence of 0.6 mJ/cm 2 . It is estimated that the average size of a lattice deformation (self-trapped exciton) due to a single photoexcitation in PtI(en) is approximately 20 unit cells [18] . In order to convert fluence to absorbed photon density per site along the chain, we divide the absorbed energy density by the Pt density
where R is the reflectivity (0.72), F is the incident fluence, v is the unit-cell volume (1.46 nm 3 ), E p is the photon energy (1.55 eV), and δ is the optical penetration depth (110 nm). The factor of 4 is due to the four Pt atoms per unit cell. The characteristic fluence of 0.6 mJ/cm 2 corresponds to 0.045 photons per Pt ion.
The response of PtI(en) at higher fluences (2.4-9.4 mJ/cm 2 ) is shown in Fig. 3(a) . The material response reveals drastically different time-dependent profiles. However, the observed responses were shown to result from cumulative degradation of the sample over many thousands of shots. We performed low-fluence measurements on individual sample regions after 054111-3 they had been irradiated under high fluence. The results, shown in Fig. 3(b) , differ markedly from the low-fluence response without prior high-fluence excitation, shown in Fig. 2(a) , and from the high-fluence results in Fig. 3(a) . We conclude that cumulative damage occurs above 2.4 mJ/cm 2 , rendering conventional pump-probe measurements above this threshold unreliable. As elaborated below, the 2.4-mJ/cm 2 threshold corresponds to approximately 0.15 absorbed photons per Pt atom.
Even though the crystal undergoes irreversible damage at high fluence, it is worth seeing behaviors of oscillatory signal with increasing fluence in Fig. 3(a) . The oscillations decrease with increasing fluence and become almost negligible at 8.5 and 9.4 mJ/cm 2 . The disappearance of oscillations can be due to simple crystal damage or due to the material's true dynamic response. However, as seen in Fig. 3(b) , it is obvious that the background signal changes irreversibly after damage due to preirradiation, but the strong oscillatory signal still exists and does not change almost at all, regardless of preirradiation fluence. This strongly implies that the oscillatory signal itself in Fig. 3(a) is close to true photo responses of PtI(en) and that the disappearance of oscillations is also a true materials response under high fluence. On the contrary, it is likely that the positively growing background signal with increasing fluence is due to an irreversible change of the damaged PtI(en) crystal, such as irreversible photobleaching.
We are interested in the material's true response to a single pulse rather than to the cumulative result of many pulses; however, averaging of data from multiple shots significantly improves signal-to-noise levels. The single-shot data presented here were collected and averaged over 100 laser shots whose separations were long enough to ensure full relaxation to the ground state. In each case, cumulative degradation was monitored by ensuring that low-fluence measurements yielded the same responses before and after the high-power shots, in the same manner as shown in Fig. 3(b) . Although cumulative damage occurred after many shots, damage did not occur catastrophically after a single shot or after 100 shots. Each of the 100 shots was a true single-shot measurement, generating the full time window of data in response to one excitation event.
To examine the real-time photoinduced dynamics of PtI(en) above this threshold, we employed single-shot measurements for a range of pump fluences between 1.0 and 12 mJ/cm 2 using 800-nm pump and 600-nm probe wavelengths. Each singleshot measurement is conducted by overlapping the pump pulse at the sample with 400 probe pulses that were separated temporally by 22.6 fs to span a total temporal range of 9 ps. The reflected probe pulses reach different regions of a CCD detector so that the sample reflectivity at each of the 400 pump-probe delay times can be determined. More details of this method are described in our previous work [27] . We observed significant changes in reflectivity and in phonon behavior over this range, as shown in Fig. 3(c) . At low fluences (1.0-1.4 mJ/cm 2 ), the familiar lattice vibrational response associated with STE formation was clearly observed. However, it appears that the dephasing times in single-shot pump-probe data in Fig. 3(c) are shorter compared to those from conventional pump-probe experiments in Fig. 2(a) and Fig. 3(a) . This is because of the probe-wavelength dependence of the dephasing times. Sugita et al. investigated the wave-packet dynamics using reflectivity measurements with a 5-fs time resolution and obtained the dephasing times as a function of probe wavelength [23] . The dephasing time of the wave packet decreases with probe wavelength from 1.77 to 2.00 eV when probed in reflection mode. This is attributed to vibrational relaxation of the wave packet on the self-trapped potential energy surface and relevant photoinduced absorption. Their observation is consistent with our results in which the dephasing time is shorter with a 600 nm probe wavelength than with an 800 nm probe wavelength. Besides the dependence on wavelength, single-shot measurements can yield shorter apparent dephasing times compared to those from ordinary pump-probe measurements due to lower signal-to-noise levels. As the fluence was increased up to 4.5 mJ/cm 2 , we continued to observe coherent vibrational oscillations but with decreasing amplitude relative to the peak electronic signal level, frequency, and dephasing time as shown in Figs. 3(d)-3(f) .
To fit the reflectivity traces after t = 1 ps, they were assumed to be a sum of two exponential decays (electronic background signal) and an exponentially decaying cosine function (oscillatory signal). The fitting parameters in Figs. 3(d)-3(f) and Figs. 4(b)-4(e) were obtained by first performing a leastsquares fit of the traces after t = 1 ps to a sum of the two exponential decays (electronic background signal). This fit was then subtracted from the data to obtain the oscillatory part of the transient reflectivity change. The oscillatory part of the trace where the oscillations are present (from t = 0 to t = 1.75 ps) was then Fourier transformed to yield approximate Lorentzian functions. The frequency and dephasing time were then extracted from the frequency-domain fitting by the peak value and central frequency and FWHM of the Fourier transform. The oscillation amplitude was extracted from the first cycle in the subtracted signal. In this way, all of the parameters were obtained and then the reflectivity could be reconstructed. Final representative fits to single-shot traces are shown as black lines in Fig. 3(c) .
At still higher pump fluence (12 mJ/cm 2 ), no coherent vibrational oscillations were observed in the data. The absence of observed oscillations at 12 mJ/cm 2 pump fluence could suggest rearrangement to a higher-symmetry state in the pumped region. Coherent oscillations are observed ordinarily because upon photoexcitation, the I ions are oscillating between their initial locations, which are closer to Pt III+δ than to Pt III−δ , and their excited-state potential energy minima, which are closer to equidistant between Pt ions. In the symmetric state, vibrations in which I ions move about equilibrium positions that are equidistant between truly equivalent Pt III ions are Raman inactive, since motion of the ions in either direction about those positions changes the optical properties of the crystal change in the same way so that ( It is also possible that the absence of oscillations following high-fluence excitation might be due to dephasing; Fig. 3(f) shows that the dephasing time decreases as the fluence is increased. To address this ambiguity and investigate the lattice structure after strong pump excitation, we performed doublepump measurements with a second pump pulse that acted on the photoexcited state produced by the first pulse. A low 2 ) ensured that the second pulse itself did not drive the lattice far from equilibrium, but the time-dependent response-observed with 400 probe pulses overlapped with the weak second pump pulse-depended on the fluence of the first pump pulse and the time delay t between it and the second pump. For three fluences of the first pump pulse (1.4, 4.5, and 12 mJ/cm 2 ), we pumped the lattice a second time t after the first pump, for a t of 0, 3, 10, 30, 50, 70, and 100 ps, as well as several seconds (effectively infinite time).
Results with a first-pulse fluence of 12 mJ/cm 2 are shown in Fig. 4(a) . After the first pump pulse, the 0.8 mJ/cm 2 second pump pulse induces a response that reports on the state of the system at the time of arrival of the second pump pulse. The amplitude of oscillatory signals is clearly suppressed at short delay times t following the 12-mJ/cm 2 pump pulse; however, it never reaches zero amplitude, indicating that there is no full transformation to a higher-symmetry phase. It recovers substantially but not completely after 100 ps. The oscillation frequency and dephasing rate return to their unperturbed values (within somewhat large uncertainties) in under 100 ps. The observation of substantially reduced phonon signal amplitude at short delays suggests that the complete suppression of signal oscillations in single-pump data at 12 mJ/cm 2 fluence [shown in Fig. 3(c) ] is due to a combination of collective structural changes and a fast dephasing rate.
The same fitting analysis as for Fig. 3 (c) was performed to extract the fitting parameters of double-pump data with three different first-pump fluences. The results are summarized in Figs. 4(b)-4(e). The measured lattice properties (oscillation amplitude, phonon frequency, and dephasing time) remain relatively unchanged from t of 3 ps through t of 100 ps after the 1.4-mJ/cm 2 pump pulse. The electronic amplitude increases slightly over the t range, indicating the system takes more than 100 ps to relax back to equilibrium, even after moderate excitation fluence (well below the damage threshold). The excited lattice created by the 4.5-mJ/cm 2 pump pulse (Fig. 4) is clearly distinct from the STE state generated from the 1.4-mJ/cm 2 pulse, since both the short-time dynamics and the long-time electronic state differ between the two photoexcitation fluences. We postulate that this change is due to the high density of excitations generated at high fluence, which may result in correlated regions of altered lattice structure (e.g., polaronic quasiparticles) in which the reflectivity at the probe wavelength is reduced and in which the phonon properties are changed. As shown in Figs. 4(b) and 4(c) , after the 4.5-mJ/cm 2 pump pulse, the oscillatory and nonoscillatory signals induced by the second pulse are less than half their amplitudes 3 ps after the arrival of the 1.4-mJ/cm 2 pump pulse. Similarly, the phonon frequency is reduced to 106 cm −1 [ Fig. 4(d) ], and the phonon dephasing time [ Fig. 4(e) ] is reduced to 0.8 ps for a time delay t = 0.3 ps. The excited lattice relaxes toward a final state that is not fully returned to the initial state after 100 ps, as shown by the continued suppression of the oscillatory signal amplitude. In contrast, the phonon frequency and dephasing time return to close to their equilibrium values within 50 ps after high-fluence excitation. This indicates that the long-lived state at high fluence is not a high density of self-trapped excitons but a collective excited state born out of the decay of a high density of self-trapped excitons.
Finally, the results of a first pump fluence of 12 mJ/cm 2 show all the same trends, with a somewhat greater reduction in the oscillatory signal amplitude, down to less than one-third of the original oscillatory signal. In addition, above the 4.5-mJ/cm 2 threshold, the coherent oscillation frequency shifts from 116 to 103 cm −1 . This is a much larger redshift than that at low excitation density, shown in Fig. 3(d) . The reduced frequency is consistent with the 106-cm −1 frequency reported for the STE wave packet [11] and suggests that there has been a shift in the electronic and lattice structure such that the majority of the system is in the STE state for at least 10 ps. The high STE density results in further relaxation into long-lived quasiparticles with continued phonon signal suppression for over 100 ps. Two-pulse single-shot measurements reveal the suppression of the self-trapped exciton oscillation amplitude and electronic pump-probe signal for hundreds of picoseconds following photoexcitation above 4.5 mJ/cm 2 , indicating the existence of a long-lived excited state not present at low excitation densities. This excited state is the result of the decay of a high density of self-trapped excitons and has a suppressed lattice distortion relative to the ground state.
III. CONCLUSIONS
We have measured electronic excited-state and coherent phonon dynamics in highly excited PtI(en). Strongly reduced lattice vibrational signals at excitation fluences above 4 mJ/cm 2 atom indicate shifts in the lattice structure toward a high-symmetry configuration with equal Pt-I bond lengths and monovalency of Pt ions. Long-lived electronic excitations reveal significant changes in the collective electronic structure at high excitation densities. Far-from-equilibrium dynamics in many systems with strong vibronic coupling, in which large changes in lattice structure upon strong excitation may be expected, can be examined directly with the single-shot femtosecond spectroscopy approach that we used.
